; NC, absence of subterranean clover; NOF, no fertilization;
Fertilizing pastures with poultry litter has led to an increased incidence of nutrient-saturated soils, particularly on highly fertilized, well drained soils. Applying litter to silvopastures, in which loblolly pine (Pinus taeda L.) and bahiagrass (Paspalum notatum) production are integrated, may be an ecologically desirable alternative for upland soils of the southeastern USA. Integrating subterranean clover (Trifolium subterraneum) into silvopastures may enhance nutrient retention potential. Th is study evaluated soil nutrient dynamics, loblolly pine nutrient composition, and loblolly pine growth of an annually fertilized silvopasture on a well drained soil in response to fertilizer type, litter application rate, and subterranean clover. Th ree fertilizer treatments were applied annually for 4 yr: (i) 5 Mg litter ha −1 (5LIT), (ii) 10 Mg litter ha −1 (10LIT), and (iii) an inorganic N, P, K pasture blend (INO). Litter stimulated loblolly pine growth, and neither litter treatment produced soil test P concentrations above runoff potential threshold ranges. However, both litter treatments led to accumulation of several nutrients (notably P) in upper soil horizons relative to INO and unfertilized control treatments. Th e 10LIT treatment may have increased N and P leaching potential. Subterranean clover kept more P sequestered in the upper soil horizon and conferred some growth benefi ts to loblolly pine. Th us, although these silvopasture systems had a relatively high capacity for nutrient use and retention at this site, litter should be applied less frequently than in this study to reduce environmental risks.
Nutrient Dynamics and Tree Growth of Silvopastoral Systems: Impact of Poultry Litter
Michael A. Blazier* and Lewis A. Gaston Louisiana State University AgCenter Terry R. Clason USDA-NRCS Kenneth W. Farrish, Brian P. Oswald, and Hayden A. Evans Stephen F. Austin State University C onfined animal feeding operations are becoming more widespread in tandem with increases in human populations and demand for animal products, and disposal of wastes from these operations is becoming increasingly problematic (Kellogg et al., 2000; Shober and Sims, 2003; Roberts et al., 2004) . In the southeastern USA, poultry production is a predominant animal agricultural enterprise, with a production of approximately 6.6 billion broiler chickens per year (USDA, 2004) . Th is industry generates approximately 6.3 million Mg yr −1 of poultry litter (a mixture of manure and bedding material) as waste (Weaver, 1998) . Poultry litter is rich in phosphorus (P), so it has generally been applied to pastures relatively close to broiler chicken houses to supply P (Gaston et al., 2003) . However, application of litter at rates adequate to supply N for forage growth often results in excessive application of P due to the high P/N ratio in manure relative to plant needs (Robinson and Sharpley, 1996) . As fertilization with manure has become more prevalent, pasture soils have become saturated with P as well as K, Ca, and Mg (Edmeades, 2003) . Nutrient-saturated soils are sometimes associated with watershed pollution from runoff nutrients, particularly P (Gallimore et al., 1999; Sauer et al., 1999; Kellogg et al., 2000; Gaston et al., 2003; Friend et al., 2006) . Th e potential for P saturation and leaching may be particularly high for highly fertilized and sandy soils (Breeuwsma and Silva, 1992; Nair and Graetz, 2004) . Th ese possible negative consequences constrain the availability of grasslands and croplands suitable for litter application, which has led to surpluses of manure N and P production in some parts of the region (Kellogg et al., 2000) .
Loblolly pine forests may be a feasible alternative to grasslands for poultry litter application (Beem et al., 1998; Samuelson et al., 1999; Friend et al., 2006) . Much of the poultry-producing regions of the southeastern USA are within the natural range of loblolly pine (Pinus taeda L.), so transportation of litter to land with loblolly pine is likely minimal . Loblolly pine is an important species in the southeastern USA that produces 18% of the world's supply of industrial timber (Prestemon and Abt, 2002; Allen et al., 2005) .
Loblolly pine growth is often limited by soil supplies of N and P (Binkely et al., 1999) , and tree-and forest-level growth responses to N and P fertilization have been well demonstrated (Vose and Allen, 1988; Colbert et al., 1990; Haywood et al., 1997; Murthy et al., 1997; Blazier et al., 2006) . Loblolly pine forests have a high capacity for fertilizer retention due to high plant biomass and soil organic matter. reported that 90 to 100% of applied N and P was accounted for in aboveground biomass, soil organic matter, or the uppermost 10 cm of soil in an annually fertilized loblolly pine plantation. Due to this high fertilizer retention capacity, even in forests with relatively frequent N and P inputs, very little off site movement of applied nutrients may be associated with poultry litter application. Furthermore, water runoff potential of forests is lower than that of grasslands due to their relatively higher infi ltration (Zimmermann et al., 2006) and evapotranspiration rates (Farley et al., 2005) .
Single applications of poultry litter, ranging between 2 and 23 Mg ha , have been shown to increase growth rates (Samuelson et al., 1999; Dickens et al., 2004; Lynch and Tjaden, 2004; Roberts et al., 2006; Friend et al., 2006) and economic value (Dickens et al., 2004) of N-and P-defi cient loblolly pine. Friend et al. (2006) found that nutrients from an application of 4.6 Mg ha −1 of poultry litter (on a dry matter basis) was substantially contained within a loblolly pine forest and did not impair water quality. However, long-term susceptibility of loblolly pine to insect and disease damage has been shown to increase after fertilization if excessive amounts of nitrogen are supplied relative to other nutrients, particularly K (Ouimet and Fortin, 1992; Moore et al., 1994; Garrison et al., 2000) .
Th e principal limitation to fertilizing loblolly pine with poultry litter is the relatively poor accessibility and maneuverability of plantations for ground-based fertilizer equipment. Conventional manure-spreading equipment (manure trucks, tractor-drawn spreaders) cannot be driven through typical pine plantations due to tree spacing, dense understory vegetation, and/or stumps high enough to cause equipment damage. Th ese issues likely reduce the number of spreader contractors willing to operate within forests (Dickens et al., 2003) . Landowners are also averse to fertilizing forests with litter due to their inadequate exposure to any information concerning the eff ectiveness of litter in promoting tree growth and its ecological impacts and a lack of economic incentives, such as cost-share assistance or tax reductions (Lynch and Tjaden, 2004) .
Silvopasture agroforests may be a land use type in which the nutrient uptake and retention characteristics of loblolly pine can be realized while overcoming maneuverability and economic limitations. Silvopasture management systems involve the incorporation of tree, forage, and livestock production into a farm management system designed to simultaneously produce timber and livestock (Clason and Robinson, 2000; Clason and Sharrow, 2000) . Silvopasture regimes are the most popular form of agroforestry in the southeastern USA (Zinkhan and Mercer, 1996; Clason and Sharrow, 2000) . Silvopastures are created by planting trees in pastures (Robinson and Clason, 2002) or by establishing forage crops in forests (Clason and Robinson, 2000) . Due to land ownership and use patterns, there is high potential for conversion between agriculture and forestry in the southeastern USA (USDA-SCS, 1989). Clason (1995) determined that loblolly pine was compatible with several forage crops in silvopasture systems. Th e relatively wide spacing of trees and the forage understory of silvopastures are likely more amenable to manure-spreading equipment. Nair and Graetz (2004) found that a slash pine (Pinus elliottii Engelm.) and bahiagrass (Paspalum notatum Flueggé) silvopasture in Florida was more eff ective in sequestering P from the soil profi le than a bahiagrass pasture when both systems were fertilized with inorganic sources, likely due to greater root exploitation of the soil profi le.
Legumes such as subterranean clover (Trifolium subterraneum L.), which fi x atmospheric N into plant-available forms, are sometimes incorporated in silvopasture systems of the Southeast as a winter forage (Sharrow, 1997) . Subterranean clover has been shown to increase productivity of pine growth, provide nutritious forage for livestock, and reduce N fertilizer requirements (Zinkhan and Mercer, 1996) . Legumes have relatively high P requirements (Alikhani et al., 2006) , which may increase the P sequestration potential of silvopastures.
Studies detailing plant and soil responses of loblolly pine silvopastures to heavy poultry litter fertilization and subterranean clover are lacking. Such information, particularly for well drained soils sensitive to nutrient leaching, is essential for understanding the capacity of these systems to sequester poultry litter-derived nutrients. Th e objectives of this study were to evaluate soil nutrient dynamics, loblolly pine nutrient composition, and loblolly pine growth of an annually fertilized silvopasture on a well drained soil in response to fertilizer type (conventional inorganic vs. poultry litter), litter application rate, and subterranean clover.
Materials and Methods

Study Site
Th e silvopasture observed in this study was located at the Louisiana State University AgCenter Hill Farm Research Station in northwest Louisiana (32° 44′ N, 93° 03′ W) on a well drained loamy fi ne sand Wolfpen soil (a loamy, siliceous, Th ermic Arenic Paleudalf ). Th is soil type has a moderate extent in the southern Coastal Plain region (USDA-SCS, 1989) . Average precipitation for the region is 133 cm yr −1 ; drought conditions are common due to decreased late summer precipitation (USDA-SCS, 1989). A 2.3-ha loblolly pine plantation was established in fall 1986 at a tree density of 1371 trees ha −1 . At age 4 yr, the plantation was pre-commercially thinned (partially harvested) to 741 trees ha −1 to promote tree growth. Th e plantation was converted to silvopasture by pre-commercially thinning the stand in summer 1995 to 247 trees ha −1 , then broadcast-applying and culti-packing Pensacola bahiagrass seed at 11 kg ha −1 in the pine alleys in spring 1997. To facilitate bahiagrass establishment, triclopyr (3,5,6-trichloro-2-pyridinyloxiacetic acid) herbicide was applied at 4.7 L ha , and the soil was tilled before seeding. To foster bahiagrass growth after seeding, triclopyr was applied at 4.7 L ha −1 in 1998 to suppress competing herbaceous and woody vegetation. Forage was rotationally grazed by cattle at a rate of 2 animal units ha −1 .
Treatments
Two treatments were imposed in this study: (i) subterranean clover presence/absence and (ii) fertilization. Treatments were applied as split-plot treatment structure, with clover as the whole-plot treatment and fertilization as the sub-plot treatment. Th ese treatments were applied in a randomized complete block experimental design, with slope as a blocking factor. All possible combinations of the clover and fertilization treatments were replicated three times.
Two levels of the subterranean clover treatment were imposed: (i) no clover (NC), and (ii) clover (C). Subterranean clover seed was broadcast-applied at 11 kg ha −1 to 0.36-ha plots and culti-packed in fall 1997. Each plot was separated by 8 m to ensure independence of treatments.
Four levels of the fertilizer treatment were evaluated: (i) no fertilizer (NOF), (ii) a conventional pasture blend of inorganic fertilizers (INO), (iii) poultry litter at 5 Mg ha −1 (5LIT), and (iv) poultry litter at 10 Mg ha −1 (10LIT). Fertilizer treatments were applied randomly to 0.09-ha subplots within the 0.36-ha plots. . Th is mixture of inorganic fertilizers was conventional for pasture management on upland soils of the region. Th e INO fertilizer mixture was applied with a tractormounted cyclone seeder. Th e 5LIT and 10LIT treatments were applied using a tractor-drawn manure spreader. Litter used for the 5LIT and 10LIT treatments was broiler litter purchased from a local broiler poultry production facility that was typically stacked outside of the facility for at least 3 wk before delivery. Subsamples of litter were collected to determine N, P, and K composition of the 5LIT and 10LIT treatments (Table 1) . Nitrogen concentrations of the litter samples were analyzed by the Kjeldahl procedure (Munsinger and McKinney, 1982) . Phosphorus and potassium were determined by nitric acid digestion followed by analysis with inductively coupled plasma (ICP) spectrometry (Zarcinas et al., 1987 ) on a Th ermo-Jarrell Enviro II (Th ermo-Jarrell Ash, Inc., Franklin, MA). Th e 5LIT treatment supplied N and P at elemental rates comparable to the INO treatment. Eichhorn (2001) determined Ca, Mg, Fe, Mn, Cu, Zn, and B contents of subsamples of litter obtained at the same broiler facility at the same dates as those in our study for a separate experiment (Table 1 ). All fertilizer treatments were applied each April from 1998 through 2001.
Soil Sampling and Analyses
In April 1997 April , 1999 April , 2001 April , and 2002 , soil core sampling down to a 1-m depth was conducted before fertilization using a tractor-mounted hydraulic sampling probe. Samples were collected at three subsampling points spaced 18 m apart within the interior of the plot. Soil core samples were divided into A, E, and Bt horizons, which had average depths of 0.15, 0.48, and 0.59 m, respectively. Samples were air-dried at 25°C to constant weight and sieved to pass a 2-mm mesh to remove coarse material. Soil pH was measured with a pH meter (Labtronics, Inc., Guelph, Ontario) in a 1:1 soil/water ratio (Th omas, 1996) . Soil organic matter concentration was extracted with the Walkley-Black procedure (Walkley, 1947; Peech et al., 1947; Grewling and Peech, 1960) and quantifi ed with a Brinkmann DC 900 probe colorimeter (Brinkmann Instruments, Inc., Westbury, NY). Soil test P, cations (K, Ca, Mg, and Na), and micronutrients (Cu, Fe, Mn, and Zn) were extracted with Bray P (Bray and Kurtz, 1945) , ammonium acetate (Suarez, 1996; Helmke and Sparks, 1996) , and DTPA extraction (Gambrell, 1996; Loeppert and Inskeep, 1996; Reed and Martens, 1996) , respectively. After extraction, these nutrients were analyzed by ICP spectrometry (Jones and Case, 1990) (Mulvaney, 1996) .
Tree Nutrient Analyses and Growth
In February 1999 and February 2004, foliage was sampled for nutrient analyses because it is the predominant aboveground nutrient sink for loblolly pine. A 12-gauge shotgun was used to collect branch samples from the upper portion of the crown (Dickens and Moorhead, 2005 ) from three randomly selected trees per plot. Th ese subsamples were composited into one sample per plot. Foliage samples were drawn from the fi rst fl ush of growth from the most recent growing season, refrigerated immediately after collection, oven-dried to constant weight at 65°C, then ground to pass a 250-μm sieve. Nitrogen in the 1999 samples was determined with the Kjeldahl method (Munsinger and McKinney, 1982) . All other nutrients (P, K, Ca, Mg, Fe, B, Cu, Mn, Zn, Na, and Al) in the 1999 samples were ascertained by nitric acid digestion followed by analysis with ICP spectrometry (Zarcinas et al., 1987 ) on a Th ermo-Jarrell Enviro II. Nitrogen in the 2004 samples was analyzed by Dumas dry combustion with thermal conductivity detection (Tate, 1994) . All other nutrients (P, K, Ca, Mg, Fe, B, Cu, Mn, Zn, Na, and Al) in the 2004 samples were determined by nitric acid digestion followed by analysis with ICP spectrometry (Zarcinas et al., 1987 ) on a PerkinElmer Optima 3000 (PerkinElmer, Inc., Wellesley, MA). At the end of each growing season of 1997, 1998, 1999, 2000, 2002, and 2004 , stem diameter at 1.3 m height above the soil surface of every live tree within the plots was measured to the nearest millimeter. Post-treatment diameter growth rates of all trees were calculated as the diff erences in diameter between the post-treatment year (1998, 1999, 2000, 2002, and 2004) and diameter in the pre-treatment year (1997) . Basal area, the cross-sectional area of a tree stem at 1.3 m, was calculated for each tree using stem diameter measurements. Th e basal area calculation assumes that tree stems are perfect circles in cross-section. Tree basal area values were summed for each plot and used to calculate stand-level basal area. Post-treatment stand basal area growth rates of all plots were calculated as the diff erences in stand basal area between the post-treatment year (1998, 1999, 2000, 2002, and 2004 ) and stand basal area in the pre-treatment year (1997).
Statistical Analysis
Analyses of treatment eff ects were conducted by ANOVA at α = 0.05 using the MIXED procedure of the SAS System (SAS Institute, 2006) . When an ANOVA indicated signifi cant treatment eff ects, treatment means were calculated and separated by the DIFF and SLICE options of the LSMEANS procedure. Th e DIFF option provided multiple comparisons of treatment means by invoking t tests to determine signifi cant diff erences between all possible treatment combinations. Th e SLICE option, which was used to investigate treatment main eff ects when signifi cant two-or three-way interactions were found, provided t tests of treatment means in which the eff ect of one treatment was evaluated at each level of another treatment.
Soil nutrient concentrations, tree foliage nutrient concentrations, tree diameter, and stand basal area were analyzed with a repeated measures model with an autoregressive correlation structure with block, clover, fertilizer, year, and all possible interactions between clover, fertilizer, and year as fi xed eff ects. Analyses of soil nutrient concentrations were conducted separately for each soil horizon.
Results
Soil Nutrients
Clover signifi cantly aff ected extractable soil P, Ca, Fe, Mn, and K concentrations (Table 2 ). In 1999, P concentrations of the C treatment were greater than those of the NC treatment in the A horizon. Calcium concentrations of the C treatment were greater than those of the NC treatment in the A and E horizons Soil Cu concentrations were signifi cantly aff ected by the clover × fertilizer interaction in the A horizon and by the clover treatments in the E and B t horizons (Fig. 1) . In the A horizon in 1999, Cu of the 10LIT-C and 5LIT-C treatment combinations exceeded that of all other treatments, and Cu of the 10LIT-C combination was greater than the 5LIT-C combination (Fig. 1A) . Soil Cu of the NOF-C combination was greater than that of the INO-NC combination. In the A horizon in 2001, Cu of the 10LIT-C combination was greater than all other treatments, and Cu of all treatment combinations that included poultry litter exceeded that of all other treatments. In 1999, Cu of the C treatment exceeded that of the NC treatment in the E and B t horizons (Fig. 1B and 1C) .
Fertilization treatments aff ected extractable soil test P in .0 a † For each nutrient, horizon, and year, means within a column followed by diff erent lowercase letters diff er signifi cantly at P < 0.05. all horizons (Fig. 2) . In the A horizon, P concentrations of the 5LIT and 10LIT treatments were greater than those of the NOF and INO treatments in all sampling years after 1997 ( Fig. 2A) . Soil test P concentrations of the 10LIT treatment exceeded those of the 5LIT treatment in the A horizon throughout the same period. In 2002, soil test P concentrations of the 10LIT treatment greatly surpassed those of all other treatments in the E and B t horizons (Fig. 2B and 2C) .
Fertilization treatments aff ected extractable soil K and Mg in the A and E horizons (Table 3) (Table 4) . In 1999, Fe concentrations of the INO treatment were greater than those of the 5LIT and 10LIT treatments. In 2002, NO 3 concentrations of the 5LIT and 10LIT treatments were greater than those of the INO treatment (Fig. 3A) . Concentrations of NH 4 -N were unaff ected by fertilization (Fig. 3B ). Although total exchangeable N (the sum of NH 4 -N and NO 3 -N concentrations) was not signifi cantly aff ected by treatments, treatment means diff ered in a pattern similar to that of NO 3 treatment means (Fig. 3C) . Total exchangeable N, NO 3 -N, and NH 4 -N for all treatments declined markedly from 1997 to 2002. Th e ratios of NH 4 -N/total N and NO 3 -N/total N diff ered among treatments in 2002 (Fig. 4) . Th e NH 4 -N/total N ratio of the INO treatment was greater than that of all other treatments, and the NH 4 -N/total N ratio of the NOF treatment surpassed those of the 5LIT and 10LIT treatments (Fig.  4A) . Converse diff erences were observed among treatments in the NO 3 -N/total N means (Fig. 4B) . Th e INO fertilization treatment decreased soil pH relative to all other treatments in 1999, 2001, and 2002 (Fig. 5) .
Soil organic matter contents were unaff ected by clover and fertilization treatments, but across all treatments concentrations signifi cantly increased. Organic matter contents in 2001 and 2002 were signifi cantly greater than in 1997 and 1999 in all soil horizons (Fig. 6 ). Organic matter in the E and B t horizons was comparable, and organic matter of the A horizon was approximately 70% greater than that of the E and B t horizons in all years.
Pine Nutrients and Growth
Clover aff ected loblolly pine foliage nutrient concentrations in 1999 and 2004 (data not shown). In 1999, B concentrations of the C treatment exceeded those of the NC treatment. In 2004, foliage Mn concentrations of the C treatment were greater than those of the NC treatment. A marginally nonsignifi cant (P = 0.08) diff erence in foliage B concentrations was also found in 2004, with B of the C treatment greater than that of the NC treatment.
Loblolly pine foliage B and Cu concentrations were af- 57.6 a 34.9 a 145.1 a 137.6 a † For each nutrient, horizon, and year, means within a column followed by diff erent lowercase letters diff er signifi cantly at P < 0.05. 38.6 a 40.0 b 30.8 a - † For each nutrient and year, means within a column followed by diff erent lowercase letters diff er signifi cantly at P < 0.05. fected by fertilization treatments in 1999 (Table 5 ). Foliage B concentrations of the NOF treatment were greater than those of the INO and 10LIT treatments, and B concentrations of the 5LIT treatment were greater than those of the 10LIT treatment. Copper concentrations of the 5LIT treatment were greater than those of the NOF and INO treatments.
In 2004, loblolly pine foliage N, B, Mn, and Al concentrations were aff ected by fertilization treatments (Table 5 ). Foliage N concentrations of the NOF treatment were lower than those of all other treatments. Boron concentrations of the 5LIT and 10LIT treatments exceeded those of the NOF treatment. Manganese concentrations of the INO treatment surpassed those of all other treatments, and Al concentrations of the INO treatment were greater than those of the 5LIT and 10LIT treatments.
Loblolly pine foliage Mg concentrations were aff ected by the clover × fertilizer interaction in 2004 (Fig. 7) . Magnesium concentrations of the 5LIT-NC and 10LIT-NC treatment combinations were greater than those of all combinations except the INO-NC combination. Foliage Mg of the NOF-NC and INO-C combinations were lower than those of all other treatments.
In analyses of tree-and forest stand-level growth parameters, clover treatments had a signifi cant eff ect on tree-level diameter growth rates (data not shown). In 2002, tree diameter growth of the C treatment was greater than that of the NC treatment.
In 2002, tree diameter growth of the 10LIT treatment was greater than that of all other treatments (Fig. 8) . In 2004, tree diameter growth of the 10LIT treatment exceeded growth of the NOF and INO treatments. In 2002 and 2004, the 5LIT treatment was associated with diameter growth greater than that of the NOF treatment. In 2002, stand basal area growth of the 10LIT treatment was greater than that of the NOF and INO treatments (Fig. 9) . Although diff erences were nonsignifi cant (P = 0.19), mean basal area growth of the 10LIT treatment continued to exceed those of the NOF and INO treatments by approximately 10% in 2004. 
Discussion
Subterranean clover most markedly aff ected extractable P concentrations, with P concentrations elevated by the C treatment in the uppermost soil horizon in all years after clover establishment (Table 2) . Increased soil pH associated with the C treatment during the same time frame may have increased P availability. At the 4.5 to 5.0 pH range observed in this study, P availability rises markedly with minor increases in pH (Pritchett and Fisher, 1987) . Th is increase in pH from the C treatment contrasts with soil acidifi cation from subterranean clover found in studies in Australia (Bromfi eld et al., 1983; Ridley et al., 1990) . Increases in extractable P associated with the C treatment may have also been due in part to greater nutrient turnover. Pederson et al. (2002) found that subterranean clover readily accumulated P, and this biomass P was released back to the soil because the prostrate stolons of clover were not harvested.
Th e persistent increase of extractable P and the short-term increases in Ca, Fe, and Cu (Table 2, Fig. 1 ) of the C treatment may suggest that loblolly pine and bahiagrass demand for these nutrients was exceeded. Pine foliage concentrations of these nutrients did not increase in response to clover treatments, and Evans (2000) found in an earlier study at this site that clover treatments did not signifi cantly aff ect bahiagrass nutrient concentrations. Th e lack of increases in loblolly pine foliage concentrations of P, Ca, Fe, and Cu may be due to growth dilution (Radwan and DeBell, 1989) or to an availability of these nutrients in excess of demand. Although critical levels for soil test ranges of Ca, Fe, and Cu have not been well defi ned for loblolly pine and bahiagrass, exchangeable P was greater than the critical range of 4 to 7 mg Bray P kg −1 for loblolly pine (Tiarks and Haywood, 1996) and equivalent to the critical value of 20 mg Bray P kg −1 for bahiagrass (Hanlon et al., 2006) before treatment (Table 2) . Nevertheless, the C treatment promoted greater loblolly pine diameter growth in 2002 and greater loblolly pine foliage concentrations of B and Mn. No previous studies have shown increases in loblolly pine growth and nutrition in response to clover presence. Our results contrast with a previous study in which a variety of clover species did not increase the growth of lodgepole pine (Kranabetter and Trowbridge, 1998) .
Despite the ability of subterranean clover to fi x atmospheric N, no increases in exchangeable soil N were observed. Loblolly pine and bahiagrass have high buff ering capacities against soil N accumulation (Gates et al., 2004; . Loblolly pine diameter growth responses to the C treatment may indicate some pine N buff ering, but clover did not increase pine foliage N concentrations. Evans (2000) found no increases in bahiagrass N concentrations and growth attributable to clover treatments in an earlier study at this site. Alternatively, soil N availability may have had an overriding eff ect on the propensity of subterranean clover to fi x N. As soil N availability increases, legumes obtain a greater proportion of N from uptake in lieu of fi xation (Ledgard et al., 1996; Pederson et al., 2002) . Critical soil test N ranges for clover nutrition and growth have not been well defi ned for most clover species (including subterranean clover) because their ability to fi x atmospheric N typically precludes the need for N fertilization (Zhang et al., 1998) . However, soil N may have been high enough in this study to induce relatively low clover N fi xation.
Among soil nutrients, P was most aff ected by fertilization treatments (Fig. 2) . Th e INO treatment had no infl uence on extractable soil P concentrations. Both litter treatments increased soil test P as early as 1999, and P levels increased with litter treatment in every succeeding measurement year. Th e average increases of extractable P in the uppermost soil horizon of the 5LIT treatment relative to the NOF treatment were 26.4, 52.2, and 92.5 mg kg −1 in 1999, 2001, and 2002, respectively. Th us, extractable P nearly doubled with each application of the 5LIT treatment. Similarly, the 10LIT treatment increased extractable P of the A horizon by 49.4, 96.9, and 149.1 mg kg −1 in 1999, 2001, and 2002, respectively, relative to the NOF treatment; these P increases are nearly double those of the 5LIT treatment in the same years. Evans (2000) found that bahiagrass growth and P concentrations rose signifi cantly with increasing levels of litter application at this site. By increasing its P accumulation in tandem with increasing litter application rate, bahiagrass likely off set soil P buildup. Th is may explain in part how applied P remained predominantly in the A horizon regardless of litter application rate until 2002, when some leaching from the A horizon occurred with the 10LIT treatment. Similarly, loblolly pine diameter growth and stand basal area growth rose with increasing levels of litter application, which indicates potential pine buff ering of soil P accumulation (Fig. 8 and 9 ). Nevertheless, annual applications of at least 5 Mg litter ha −1 resulted in soil P accumulations by exceeding vegetation P demand. Furthermore, applying 10 Mg litter ha −1 yr −1 for 4 yr led to P leaching in this sandy soil. Leaching of P is not typically observed on most soils, but P saturation and leaching has been observed in chronically fertilized, very sandy soils (Breeuwsma and Silva, 1992; Nair and Graetz, 2004) .
Increases in surface soil-extractable P after repeated litter application have been found in several other agricultural regimes, including bermudagrass [Cynosdon dactylon (L.) Pers.] pastures (Sistani et al., 2004) , cotton (Gossypium hirsutum L.) and corn (Zea mays L.) crops (Mitchell and Tu, 2006) , and snap bean (Phaseolus vulgaris L.) crops (Phillips et al., 2002) . Despite the elevations in extractable P, P concentrations stayed within the range of threshold Bray soil test P levels (100-200 mg kg −1 within the 0-to 15-cm soil profi le) established by some states to reduce surface P runoff potential after several litter applications Lory and Scharf, 2005) . Th e 5LIT treatment exceeded the lower end of this threshold P range after the fourth annual application, and the 10LIT treatment exceeded the lower end of the threshold P range after the third annual application. Neither litter treatment produced soil test P levels greater than the 200 mg Bray P kg −1 threshold. However, the 10LIT treatment was associated with P leaching after the fourth annual application. Accumulations of soil test P in lower soil depths (>15 cm) attributable to minor leaching have similarly been shown in diverse forage management regimes fertilized with poultry litter (Sharpley et al., 1994; Franzluebbers et al., 2002; Sistani et al., 2004) .
Exchangeable soil nitrogen was altered by the fertilization treatments ( Fig. 3 and 4) . Across all treatments, total exchangeable N, NO 3 -N, and NH 4 -N concentrations were higher in 1997 than in 2002, particularly NO 3 -N (Fig. 3) . Th e greater exchangeable N concentrations of 1997 are likely the result of relatively high N mineralization after the thinning, tillage, and herbicide applications conducted in that year (Gurlevik et al., 2004; Friend et al., 2006; Nelson et al., 2006) . Such increases in N mineralization often result from increased soil temperatures after tree harvesting and incorporation of organic matter into mineral soil via tillage, and they decline as tree crowns expand and organic matter accumulates. Th e signifi cant rise in soil organic matter from 1997 through 2001 and the plateau in organic matter from 2001 to 2002 observed in all treatments (Fig. 6) suggests that an accretion in organic matter capable of reducing N mineralization potential occurred during this study. In 2002, after 5 yr of fertilization, the litter treatments were associated with relatively greater NO 3 -N concentrations than the NOF and INO treatments ( Fig. 3 and 4) . Although the INO and 5LIT treatments supplied approximately equivalent amounts of elemental N, the 5LIT treatment yielded signifi cantly greater NO 3 -N by 2002. Poultry litter has been frequently characterized by N mineralization and nitrifi cation rates more rapid than those of inorganic N fertilizers due to its low C/N ratio (Sistani et al., 2004; Khalil et al., 2005; Tazisong et al., 2005) . As a result, soil NO 3 -N concentrations are often increased more than NH 4 -N concentrations by broiler litter (Kingery et al., 1994; Sistani et al., 2004) . Adeli et al. (2006) inferred that relatively high soil NO 3--N concentrations after litter fertilization were indicative of low plant sequestration of applied N. However, Evans (2000) found that bahiagrass biomass N concentrations and yields increased in response to litter treatments in an earlier study at this site, and loblolly pine foliage N concentrations (Table 5 ) and diameter growth (Fig. 8) increased in response to treatments in this study. Bahiagrass and loblolly pine biomass N concentrations and growth responses were equivalent between the INO and 5LIT treatments, which suggests that plant N recovery and use were comparable when fertilization rates based on elemental N were similar for inorganic and litter fertilizers. Diff erences in pH among treatments (Fig. 5) likely contributed to the diff erences in proportions of NH 4 -N and NO 3 -N among treatments. Nitrifi cation rates decline with decreasing pH, so the reduced pH associated with the INO treatment likely promoted more exchangeable N remaining as NH 4 -N. Mitchell and Tu (2006) similarly found that ammonium nitrate fertilizer led to greater reductions in pH and increases in NH 4 -N than with poultry litter on a sandy Coastal Plain soil. Sistani et al. (2004) suggested that buildups in NO 3 -N in upper soil horizons with long-term litter application to pastures may create a leaching risk; the silvopasture systems observed in our study may also be associated with a NO 3 -N leaching risk if fertilized annually with at least 5 Mg litter ha (an amount comparable to that supplied by the 5LIT treatment in our study) in a loblolly pine and tall fescue (Festuca arundinacea Schreb.) alley cropping agroforest system led to soil mineral N accumulations that increased leaching risks. Soil NO 3 − accumulation from fertilization has been shown to increase NO 3 − content and toxicity of forages growing in stressful conditions such as low irradiance, but bahiagrass is not typically prone to NO 3 − accumulation (Jennings et al., 2005) . Risks of NO 3 − accumulation of bahiagrass in a silvopasture annually fertilized with litter as in this study can likely be minimized by maintaining tree canopy cover below 35%, which has been shown to keep bahiagrass growth rates of silvopastures comparable to that of open pastures (Krueger, 1981) .
Magnesium and potassium concentrations of the A and E horizons were increased by the litter treatments (Table 3) . Th e 10LIT treatment led to increases in Mg concentrations in both horizons after a single application, with diff erences in Mg becoming more pronounced between the 10LIT and other treatments with succeeding applications. Th e 5LIT treatment did not signifi cantly increase Mg in the A horizon until the fi fth application and did not increase Mg in the E horizon. Loblolly pine seemed to provide some buff ering against soil Mg increases, with the 5LIT-NC and 10LIT-NC treatment combinations associated with the highest foliage Mg concentrations (Fig. 7) . Although not measured, subterranean clover may have increased its Mg concentrations and provided buff ering against soil Mg buildup as evidenced by the relatively lower foliage Mg concentrations of pine in the 5LIT-C and 10LIT-C treatment combinations. A single application of the 10LIT treatment increased K concentrations of the A horizon, and subsequent applications led to increases in K concentrations of the E horizon. Increases in Mg and K concentrations in lower soil depths have been similarly found in studies of pastures and row crops on sandy soils receiving annual litter fertilization (Kingery et al., 1994; Mitchell and Tu, 2006) . Th ese nutrient increases may have occurred because the litter supplied Mg and K in excess of loblolly pine and bahiagrass demand. Pine foliage Mg and K concentrations (Table 5) were higher than established critical ranges (Allen, 1987; Jokela, 2004) , and bahiagrass is typically nonresponsive to K and Mg fertilization (Gates et al., 2004) .
Although constrained to the uppermost soil horizon, the litter treatments increased extractable soil Ca concentrations (Table  4) . Calcium increases were not observed in response to the litter treatments until after the third application. Th e magnitude of Ca increase was rate dependent, with the 10LIT treatment producing greater Ca increases than the 5LIT treatment. Calcium increases in uppermost soil depths have similarly been observed in studies of pasture and row crop agroecosystems annually fertilized with poultry litter (Kingery et al., 1994; Phillips et al., 2002 , Tazisong et al., 2005 Mitchell and Tu, 2006) . As with Mg and K concentrations, these soil Ca increases may be indicative of rates that exceeded loblolly pine and bahiagrass Ca demand because pine foliage Ca concentrations (Table 5 ) exceeded critical Ca ranges (Allen, 1987; Jokela, 2004) and bahiagrass growth responses to Ca fertilization are atypical (Gates et al., 2004) .
Consistent with previous studies, poultry litter was a suitable fertilizer for loblolly pine based on the elevated diameter growth rates and basal areas after treatment (Dickens et al., 2004; Friend et al., 2006; Roberts et al., 2006) . Growth increases were related to application rate, with the 10LIT treatment stimulating more growth than the 5LIT treatment. Th ese growth increases are somewhat surprising because the foliage nutrient concentrations (Table  5 ) of all treatments were above critical levels in each measurement year (Allen, 1987; Jokela, 2004) . Soil test P levels (Fig. 2) were above suffi ciency before treatment as well (Tiarks and Haywood, 1996) . Th e pine growth responses, despite apparent nutrient suffi ciency, underscore the weakness of using loblolly pine foliage and soil nutrient critical levels, which were developed for loblolly pine grown in conventional plantations, for diagnosing nutrient deficiencies of loblolly pine in silvopastures. Due to the low tree numbers per stand for silvopastures relative to plantations, it is possible that trees more readily respond to fertilization by virtue of larger crown mass (which provides a larger nutrient sink per tree), typical of trees grown in silvopastures, and less competition for applied nutrients. Foliage and soil nutrient critical values are also of limited value for predicting growth responses in systems receiving annual fertilization with multiple nutrients as in this study because the values were developed to indicate a high probability of signifi cant growth response to a single application of fertilizer containing a minimal number of nutrients. Th e similarities in growth responses and N and P application rates of the 5LIT and INO treatments suggest that although the 5LIT treatment supplied more K and a wider array of nutrients than the INO treatment, N and P were likely the primary nutrients driving increased growth. Th e greater N and P application rates and growth increases of the 10LIT treatment may indicate that the growth response to applied N and P was rate dependent. Th e response of loblolly pine to litter even on a site that was apparently nutrient suffi cient before fertilization provides evidence that the pine component of these silvopasture systems has the potential to buff er against soil nutrient increases from annual fertilization through a combination of luxury nutrient consumption and increased growth. Evans (2000) observed similar tendencies of the bahiagrass component of these silvopasture systems in response to the litter treatments.
Conclusions
On the sandy Coastal Plain soil of this study, a loblolly pine and bahiagrass silvopasture was an ecologically viable land management system for poultry litter application. Four annual applications of 5 and 10 Mg broiler litter ha −1 stimulated growth of loblolly pine, and soil test P concentrations were maintained below runoff potential thresholds. However, these quantities of litter led to the accumulation of several nutrients, notably P, in upper soil horizons. In addition, N and P leaching risks were likely increased by the annual applications of 10 Mg litter ha −1
. Subterranean clover may reduce P leaching risk by keeping more P sequestered in the upper soil horizon, and clover conferred some growth benefi t to loblolly pine. Th us, although these silvopasture systems had a relatively high capacity for nutrient use and retention at this site, litter should be applied less frequently than in this study to reduce environmental risks. Although this study provides stakeholders with evidence that silvopastures benefi t from poultry litter fertilization and the potential soil nutrient dynamics in response to such treatments, it must be stressed that this study was conducted on a single site. It may also be important to verify that increasing concentrations of several nutrients in loblolly pine foliage via annual litter fertilization has no adverse eff ects on long-term tree health. As such, before broad assertions about silvopasture growth and soil nutrient patterns associated with poultry litter application can be made, it is important that long-term tests are conducted on a broader array of soils and stand conditions.
